Background. Membranes fabricated from nominally similar polymers may be markedly different in chemical composition, morphology and geometry. To examine the relative importance of these factors to dialyzer performance, the removal of small and large uraemic toxins was determined for dialyzers containing 'polysulfone' membranes of different composition and morphology, with and without fibre undulations. Methods. Total removal and instantaneous clearances of urea, phosphorus, β 2 -microglobulin, leptin, angiogenin, complement factor D and immunoglobulin κ light chain were determined in randomized cross-over studies. Total solute removal was assessed from the pre-to post-dialysis change in plasma concentration and the total amount of solute recovered in the dialysate. Trapping of solute at the membrane was determined as the difference between solute lost from plasma water and solute recovered in the dialysate. Results. Total removal of urea and phosphorus was independent of the membrane composition and structure. Large molecule removal differed significantly between the two membranes, particularly for β 2 -microglobulin. The importance of trapping at the membrane as a mechanism of β 2 -microglobulin removal also differed significantly between the two membranes, with trapping being less important for the membrane with the greatest β 2 -microglobulin removal. As molecular size increased, the contribution of trapping at the membrane to solute removal increased and the difference between the two membranes decreased. Conclusions. High-flux membranes fabricated from nominally similar polymers may differ significantly in their ability to remove low molecular weight protein uraemic toxins.
Introduction
The current standard for adequate dialysis is based on the removal of urea [1] . Urea removal by haemodialysis depends mostly on the blood and dialysate flow rates and treatment time; the choice of dialyzer has a much smaller impact with dialyzers currently in clinical use. However, recent reports serve as a reminder that other molecules with potentially different kinetics of removal contribute importantly to long-term morbidity and mortality in haemodialysis patients. Several studies have shown that accumulation of β 2 -microglobulin (11.8 kDa) contributes to the development of haemodialysis-associated amyloid disease [2, 3] , while a retrospective analysis of the USRDS database suggested that increased middle molecule clearance by dialyzers is associated with a reduction in mortality [4] . Such observations were a motivation for initiating the NIH HEMO study, which examined the effect of increased large molecule clearance on morbidity and mortality in a randomized, prospective, multicentre study [5] . While the HEMO study did not find a significant impact of high-flux membranes on all cause mortality, on post hoc analysis the risk of cardiovascular death was significantly reduced in those patients treated with high-flux membranes compared to those treated with low-flux membranes [5] and an increase in pre-dialysis β 2 -microglobulin concentration was associated with a significant increase in relative risk of death after adjustment for residual renal function and dialysis vintage [6] .
As the size of uraemic toxins increases, the choice of dialyzer becomes a more important determinant of their removal. The mass transfer properties of a dialyzer depend on the membrane surface area and permeability and the resistance to mass transfer in the boundary layers that form on the blood and dialysate sides of the membrane. The apparent permeability of a membrane to a solute reflects the relative contributions of three different modes of solute removal, diffusion and convection of the solute across the membrane and trapping of the solute at the membrane surface [7] . Which of these mechanisms predominates for a given membrane depends on the membrane composition and morphology. Boundary layer resistance depends on the thickness of the boundary layer, which is a function of the flow pattern in the blood and dialysate compartments. Apart from increasing the blood flow rate, it is difficult to modify the boundary layer thickness on the blood side of the membrane. The boundary layer thickness on the dialysate side of the membrane may, however, be reduced by altering the flow pattern in the dialysate compartment. Increases in the dialysate flow rate [8] and the addition of undulations to the fibres or inclusion of spacer yarns in the fibre bundle [9] have all been used to improve dialysate flow distribution and clearance. The relative importance of these different strategies to increasing large solute removal remains unclear. The objective of this study was to compare and contrast the effect of differences in membrane composition and morphology on small and large solute removal.
Materials and methods

Study design
Two separate studies were performed with dialyzers containing two different 'polysulfone (PS)' membranes, one based on polyarylethersulfone (PAES) and the other based on PS. Each study followed a randomized, cross-over design. Subjects underwent six treatments in the first study, three treatments with a Polyflux 17S dialyzer (PAES membrane, Gambro Renal Products, Lakewood, CO, USA) and three treatments with a F70NR dialyzer (PS membrane, Fresenius Medical Care, Lexington, MA, USA). Subjects underwent nine treatments in the second study, three treatments with a Polyflux 170H dialyzer (PAES membrane, Gambro), three treatments with a Polyflux 210H dialyzer (PAES membrane, Gambro) and three treatments with an Optiflux F200NR dialyzer (PS membrane, Fresenius). Each dialyzer was used for three consecutive treatments and the order in which the dialyzers were used was random. A new dialyzer was used for each study treatment; there was no dialyzer reuse. Details of the dialyzers are presented in Table 1 .
In both studies, dialyzer performance was evaluated during the second and third treatments with each dialyzer using the nominal blood and dialysate flow rates of 400 mL/min and 800 mL/min, respectively. Actual blood flow rates were verified by using an ultrasonic flow meter (model HD01, Transonic, Ithica, NY, USA) and by blood pump calibration. The second treatment with each dialyzer was used to assess overall solute removal by measuring the preto post-dialysis change in solute concentration and the total amount of solute appearing in the dialysate. The third treatment with each dialyzer was used to assess instantaneous solute removal by measuring clearances during the first hour of dialysis. The instantaneous clearances were measured at a net ultrafiltration rate of zero. Urea and phosphorus were used as representative small solutes, while large solutes included β 2 -microglobulin (11.8 kDa), angiogenin (14.4 kDa), leptin (16 kDa), immunoglobulin κ light chain (22.5) , complement factor D (24 kDa) and albumin (≈66 kDa). Treatments were performed using model 2008H dialysis delivery systems (Fresenius) in the first study and Phoenix dialysis delivery systems (Gambro) in the second study. Anticoagulation was achieved with unfractionated heparin administered as an initial loading dose followed by a constant infusion. Ultrafiltration rates were set according to the clinical needs of the patient.
Patients
Twelve patients were enrolled in each study. For inclusion in the study, patients were required to be older than 18 years of age and have a stable haemodialysis prescription. They must have been dialyzing through a native fistula or Gore-Tex graft capable of providing a blood flow of 400 mL/min and have had a fluid removal requirement of no more than 3 L per treatment. Exclusion criteria included non-compliance with their dialysis prescription, a haematocrit <28% or an active infection. Patients enrolled in the first study were routinely treated with dialyzers containing high-flux PS membrane (F80, Fresenius), while patients enrolled in the second study were routinely treated with dialyzers containing the PAES membrane (Polyflux 21R, Gambro). The Human Studies Committee of the University of Louisville reviewed the study protocols and all patients provided informed consent before participating in the study. Details of the patients participating in the two studies are given in Table 2 .
Measurements of solute removal
Measurement of solute removal over a complete dialysis (overall solute removal). The change in solute concentration over the entire treatment was determined from preand post-dialysis blood samples. Pre-dialysis blood samples were drawn from the access needle immediately following needle insertion. Post-dialysis blood samples were drawn from the arterial blood line 20 s after reducing the blood flow to 80 mL/min to mitigate any access recirculation. An integrated sample of the effluent dialysate was collected to determine the total amount of a solute appearing in the dialysate [10] . A pump was used to sample the effluent dialysate continuously at a rate of 1 mL/min from a sample cell placed in the outlet dialysate line immediately before it entered the drain. At the end of dialysis, the integrated sample of effluent dialysate was mixed and subsamples were stored at −70
• C until analysis. The pre-to post-dialysis change in solute concentration was calculated from
where C Pre and C Post are the pre-and post-dialysis solute concentrations, respectively. The post-dialysis concentrations of β 2 -microglobulin, angiogenin, leptin, complement factor D and immunoglobulin κ light chain were corrected for haemoconcentration according to Bergström and Wehle [11] before calculating the pre-to post-dialysis change in concentration. The total amount of solute recovered in the dialysate (m D ) was calculated from
where C DS is the concentration in the dialysate sample, Q D is the inlet dialysate flow rate, T D is the treatment duration and UF is the total ultrafiltrate volume for the treatment. An overall clearance of β 2 -microglobulin, K β2m , was calculated from the change in serum concentration from preto post-dialysis as described previously [12] using the following equation:
where C post is not corrected for haemoconcentration and V β2m is the post-dialysis extracellular fluid volume calculated as one-third of total body water estimated according to Watson and colleagues [13] .
The methods of Daugirdas and Schneditz [14] were used to calculate eKt/V urea , while Kt/V for β 2 -microglobulin was calculated from K β2m , V β2m and T D [6] .
Measurement of instantaneous solute removal.
Solute clearances were determined by standard methods. Briefly, blood and dialysate flow rates were set at the desired values and the net ultrafiltration rate was set to zero, using the delivery system displays. After allowing 15 min for a steady state to be established, blood samples were drawn from the inlet and outlet bloodlines of the dialyzer and a dialysate sample obtained from the outlet line of the dialyzer using a specially inserted sample port. Plasma was obtained by centrifugation. Before plasma separation, a well-mixed aliquot was taken from the inlet blood sample and used to determine haematocrit by the micro-haematocrit method. Plasma and dialysate samples were stored at −70
• C until analysis.
Instantaneous dialyzer clearances (K) were calculated using the following standard equation [15] :
where Q BE is the effective blood flow rate, Q UF is the instantaneous ultrafiltration rate, C Pi and C Po are the plasma concentrations at the inlet and outlet of the dialyzer, respectively, and C Do is the outlet dialysate concentration. Q BE was assumed to be the blood water flow rate for urea and the plasma water flow rate for β 2 -microglobulin, angiogenin, leptin and immunoglobulin κ light chain. The blood water flow rate (Q BW ) and the plasma water flow rate (Q PW ) were calculated from
where Q B is the blood flow rate, Hct is the fractional haematocrit and the constants 0.93 and 0.86 correct for the protein content of plasma water and the fractional water content of red blood cells, respectively. Phosphorus clearances were calculated using the dialysate concentration and flow rate to avoid the uncertainty associated with any plasma water-red blood cell disequilibrium that developed as blood transited the dialyzer. The product of mass transfer coefficient and membrane area for urea, K o A, was determined from the instantaneous clearance and the blood water and dialysate flow rates according to Michaels [15] The mass transfer coefficient, K o , was calculated by dividing K o A by the nominal membrane surface area of the dialyzer.
The instantaneous rate of trapping of proteins at the dialyzer membrane was calculated as the difference between the amount of protein lost from the plasma water and the amount recovered in the effluent dialysate:
Analytical methods
Urea concentrations were determined by standard clinical laboratory methods. Phosphorus concentrations were measured by the method of Chen et al. [16] adapted for a microplate spectrophotometer. β 2 -microglobulin concentrations were measured by an enzyme immunoassay (R&D Systems, Minneapolis, MN, USA) (study 1) or an immunometric assay (Immulite, Diagnostic Products Corporation, Los Angeles, CA, USA) (study 2). Concentrations of angiogenin and leptin were measured by enzyme immunoassay (R&D Systems). Concentrations of immunoglobulin κ light chain were measured by immunoassay (Freelite, The Binding Site, Birmingham, UK). Complement factor D concentrations were measured by ELISA [17] . Dialysate albumin concentrations were measured by enzyme immunoassay (Alpco, Windham, NH, USA).
Statistical methods
Differences in solute removal between dialyzers were assessed by analysis of variance (SPSS for Windows, version 12, SPSS, Chicago, IL, USA). Where significant differences were found (P < 0.05), differences between individual pairs of dialyzers were determined using the StudentNewman-Keuls correction for multiple comparisons. Data were presented as mean ± SEM for n observations.
Results
Within each study, there were no differences between dialyzers with respect to treatment duration, actual blood flow rate, blood water flow rate, plasma water flow rate or ultrafiltration volume (Table 3) . However, the ultrafiltration volume for the treatments used to determine total solute removal in the second study was significantly greater than that in the first study (3.1 ± 0.2 L and 4.4 ± 0.2 L in the 0.0393 ± 0.0066 0.0406 ± 0.0010
Dialysis conditions are given in Table 3. first and second studies, respectively, P = 0.05). The total heparin dose for a treatment averaged 9100 ± 1200 IU and did not differ between dialyzers in either study or between studies. A urea mass balance was used to evaluate the quality of the data used to calculate instantaneous clearances. Overall, the mean absolute urea mass balance error was 5 ± 2% and did not differ between dialyzers in either study.
Small molecule removal was unaffected by membrane composition.
Measures of the removal of urea by the different dialyzers are presented in Tables 4 and 5 . Within each study, there were no differences between dialyzers regarding overall urea removal, as assessed by the pre-to post-dialysis reduction in the concentration of urea, the amount of urea recovered in the dialysate or eKt/V urea . Within each study, instantaneous clearances of urea did not differ between dialyzers with comparable membrane surface areas; however, in the second study the instantaneous clearance of urea was significantly less for the Polyflux 170H, which has a membrane surface area of 1.7 m 2 , than for the Optiflux F200NR and Polyflux 210H, which have membrane surface areas of 2.0 m 2 and 2.1 m 2 , respectively (Table 5) . A similar result was found for K o A (Table 5 ). Fibre undulations have been proposed as means of improving dialysate flow distribution and, thereby, the clearance of small solutes [9] . K o A provides a patient-and flow rate-independent index of solute removal for a dialyzer. Comparison of urea K o A for the dialyzers that contained fibres without undulations (study 1) with urea K o A for the dialyzers that contained fibres with undulations (Study 2) showed significantly greater values Dialysis conditions are given in Table 3 .
for the Optiflux F200NR and Polyflux 210H dialyzers containing fibres with undulations than for the F70NR and Polyflux 17S dialyzers containing fibres without undulations (Tables 4 and 5 ). However, the Optiflux F200NR and Polyflux 210H contain more membrane surface area than the F70NR and Polyflux 17S, and when differences in the membrane surface area were eliminated by dividing K o A by the nominal membrane surface area, the only dialyzer with a significantly greater urea K o was Optiflux F200NR. In general, the pattern of phosphorus removal was similar to that observed for urea, with no differences being observed between the dialyzers within each study (Tables 6  and 7 ). More phosphorus was recovered in the dialysate with dialyzers containing fibres with undulations (Optiflux F200NR, Polyflux 170H and Polyflux 210H) than with dialyzers containing membranes without undulations (F70NR and Polyflux 17S). However, this difference may be the result of slightly higher pre-dialysis phosphorus concentrations and longer treatment times in the second study than in the first study. A trend for dialyzers containing fibres with undulations to have higher instantaneous clearances Dialysis conditions are given in Table 3 . a Significantly different from the Polyflux 17S.
of phosphorus was observed, although the only significant difference was between Optiflux F200NR and Polyflux 17S and that difference could result from a difference in membrane surface area.
Large molecule removal depends on membrane composition and morphology.
Pre-dialysis serum β 2 -microglobulin concentrations were significantly higher in the first study than in the second study (Tables 8 and 9 ), possibly reflecting differences in the dialyzer used for the patients' routine treatments. Tables 8  and 9 present four different measures of total β 2 -microglobulin removal, the pre-to post-dialysis reduction in concentration, total β 2 -microglobulin recovered in the dialysate, the overall clearance calculated according to Dialysis conditions are given in Table 3 . Dialysis conditions are given in Table 3 . a Significantly different from the F70NR.
Leypoldt and colleagues [12] and Kt/V β2m . In both studies, total removal of β 2 -microglobulin was significantly greater with the dialyzers containing PAES membranes than with the dialyzers containing PS membranes by all four measures. Instantaneous clearances of β 2 -microglobulin determined during the first hour of dialysis showed the same pattern observed for total removal, with higher clearances being obtained for the PAES membrane than for the PS membrane. Similar to β 2 -microglobulin, the total removal of other large molecules differed between the PAES membrane and the PS membrane in both studies. In study 1, significantly more angiogenin, leptin and complement factor D was recovered in the dialysate with the PAES membrane than with the PS membrane (Table 10) , while in the second study significantly more immunoglobulin κ light chain was recovered in the dialysate with the PAES membrane than with the PS membrane (Table 11) , even though the difference in pre-to post-dialysis reduction in concentration between dialyzers containing PS membrane and PAES membrane Pre-dialysis concentration (µg/L) 224 ± 31 226 ± 31 221 ± 31 Pre-to post-dialysis reduction (%) 28 ± 4 49± 2 a 47 ± 3 a Total dialysate collection (µg) 27 ± 14 127 ± 34 170 ± 50 a Dialysis conditions are given in Table 3 . a Significantly different from the Optiflux F200NR.
reached significance only for complement factor D and immunoglobulin κ light chains. As molecular weight increased, instantaneous clearances decreased and the difference between the two membranes was not significant for angiogenin, leptin and complement factor D (Table 10 ). The change in concentration from the inlet to the outlet of the dialyzer was too small to allow a meaningful estimation of the clearance of immunoglobulin κ light chain.
The mechanism of large molecule removal depends on membrane composition and morphology.
Removal of small proteins, such as β 2 -microglobulin, occurs by convection through the membrane, trapping at the membrane surface and to a lesser extent by diffusion across the membrane [7] . The contribution of trapping at the membrane surface to solute removal was determined by calculating the difference between the amount of solute lost from plasma water and the amount of solute appearing in the dialysate at an instant. The data in Tables 8-11 show that trapping at the membrane contributed to large molecule removal for both the PS and PAES membranes. The contribution of trapping to solute removal was significantly greater for the PS membrane than for the PAES membrane for β 2 -microglobulin. As molecular weight increased, the contribution of trapping to solute removal increased and the difference between the two membranes decreased so that the contribution of trapping at the membrane to the removal of angiogenin, leptin and complement factor D was not significantly different between the PS and PAES membranes. Again, the changes in concentration of immunoglobulin κ light chains within the dialyzer at an instant were too small to allow a reliable estimate of trapping to be calculated. The amount of albumin in the dialysate was less than the limit of detection (46 mg/4 h) for the dialyzers containing the PS membrane. Measurable albumin was found in the dialysate for the dialyzers containing the PAES membrane; however, this amount never exceeded 500 mg/4 h, even with an ultrafiltration rate as high as 20 mL/min.
Discussion
High-flux haemodialysis remains the most common therapeutic approach to eliminating low molecular weight proteins, which are believed to comprise an important class of uraemic toxins. The results of our studies show that highflux membranes of nominally similar materials can differ significantly in their ability to remove low molecular weight proteins, most likely because of differences in composition and morphology. In contrast, we show that removal of small solutes is relatively independent of the membrane material, but may be marginally improved by strategies designed to enhance flow distribution through the dialysate compartment of the dialyzer. Membranes based on synthetic polymers are in widespread use for haemodialysis therapy. The most commonly used membranes are frequently described as being fabricated from 'PS'. However, there are significant differences between different 'PS' membranes. The PAES membranes used in these studies have an asymmetric three-layer structure whereas the PS membrane has an inner skin layer and uniform sponge support structure. The chemical composition of the PAES membrane also differs from that of the PS membrane. The PAES membrane is fabricated using polyarylethersulfone, rather than PS, and also contains some polyamide, which is included to enhance endotoxin retention by the membrane. Both membranes contain some amount of polyvinylpyrrolidone to impart hydrophilicity to the membrane and make it permeable to water. Differences in chemical composition, such as the amount of polyvinylpyrrolidone, and in the precipitation process used in the manufacture of the membrane may influence the final morphology and physicochemical properties of the membrane.
Greater amounts of all five low molecular weight proteins considered in our studies were recovered in the dialysate when treatments were performed with dialyzers containing the PAES membrane than when dialyzers containing the PS membrane were used (Tables 8-11 ). In addition, the PAES membrane provided a significantly greater reduction in the plasma concentration of β 2 -microglobulin from pre-to post-dialysis and significantly greater clearances of β 2 -microglobulin than did the PS membrane (Tables 8  and 9 ). A similar finding was obtained for the pre-to postdialysis reduction in plasma concentration of complement factor D (Table 10 ) and immunoglobulin κ light chain (Table 11) .
As well as demonstrating differences in the removal of low molecular weight proteins between the PAES and PS membranes, the data in Table 8-Table 10 show differences in the mechanism of that removal. It has long been known that, in addition to removal by diffusion and convection through the membrane, adsorption plays a major role in the removal of β 2 -microglobulin by some synthetic membranes, such as a copolymer of acrylonitrile and sodium methallyl sulfonate (AN69) and polymethylmethacrylate [7] . Proteins may also adsorb to synthetic membranes based on PS because of the hydrophobic nature of the polymer [7] . In addition, ultrafiltration may carry large solutes into the pores of the membrane where they become trapped by steric hindrance. The data in Table 8 - Table 10 show that trapping of solute at the membrane contributed to the removal of low molecular weight proteins with both the PS and PAES membranes based on the difference between the rate of solute loss from plasma water and the rate of solute appearance in the dialysate. The importance of trapping in the membrane pores may depend on the degree of filtration and back-filtration that occurs in the dialyzer. The amount of filtration and back-filtration depends on the net ultrafiltration rate and the inner diameter of the fibres, with a smaller inner diameter promoting more filtration and higher clearances of large solutes [18] . In practice, it is difficult to separate adsorption to the membrane surface from trapping in the pores. However, it seems unlikely that the differences in large solute removal between the two membranes can be attributed to the differences in membrane geometry or operational parameters. Apart from the Polyflux 170H in the second study, within each study the dialyzers had comparable membrane surface areas and net ultrafiltration rates were not different. Moreover, while the PS membrane had a slightly smaller inner diameter than the PAES membrane (200 µm versus 215 µm), in general it provided lower clearances of large solutes than the PAES membrane.
Trapping of β 2 -microglobulin at the membrane was a significantly more important mechanism of removal with the PS membrane than with the PAES membrane. This finding is consistent with the observation of Hoenich and colleagues that the PAES membrane had a significantly higher sieving coefficient for β 2 -microglobulin than did the PS membrane [19] . The relative contribution of trapping at the membrane to total solute removal increased with increasing molecular weight. Indeed, so little solute was detected in the dialysate that trapping at the membrane accounted for essentially all of the removal of leptin, complement factor D and immunoglobulin κ light chain for the PS membrane and for the majority of the removal of immunoglobulin κ light chain for the PAES membrane. The latter observation is consistent with a previous report from Hutchison and colleagues [20] .
The PAES and PS membranes did not differ significantly, however, in their ability to decrease the concentrations of angiogenin or leptin from pre-to post-dialysis (Table 7 ). These observations suggest that factors other than the membrane may influence the removal of low molecular weight proteins. Among these factors are likely to be the properties of the protein, including molecular size, charge, hydrophobicity and any post-translational modifications associated with uraemia that may affect the rigidity of the protein.
Collectively, these properties may influence the interaction of the protein with the membrane material and affect the ability of the protein to pass through the membrane by diffusion or convection or become trapped in the membrane structure.
Whether the differences between the two membranes in β 2 -microglobulin removal by trapping arise from the differences in the chemical composition or the morphology of the membrane, or both, remains to be determined. One possible explanation for the lower level of trapping at the membrane seen with the PAES membrane than with the PS membrane is that the physicochemical heterogeneity provided by the hydrophilic-hydrophobic microdomains present at the surface of the PAES membrane impedes the formation of stable hydrophobic interactions between proteins and the membrane surface [21] . The importance of the nature of the surface rather than the cross-sectional structure of the membrane in determining the trapping and clearance of low molecular weight proteins is supported by observations with other membranes based on PS. Mandolfo and colleagues [22] reported similar reductions in the preto post-dialysis concentrations and similar instantaneous clearances for β 2 -microglobulin and leptin with the Asahi APS PS membrane to those obtained in this study and a previous study [23] with the PAES membrane. The Asahi APS PS membrane is reported by its manufacturer to have a cross-sectional structure similar to that of the PS membrane, but to have a hydrophilic gel layer on the membrane surface that inhibits protein adsorption.
In contrast to our findings for low molecular weight proteins, the clearance of urea and phosphorus differed little between the PAES and PS membranes after adjusting for membrane surface area. Strategies designed to improve flow distribution through the dialysate compartment, such as higher dialysate flow rates [8] , the inclusion of spacer yarns [9] and the addition of undulations to the fibre [9] , have been shown to improve small solute clearance. While we found higher instantaneous urea clearances for the dialyzers with fibre undulations than for those without fibre undulations, much of this difference could be accounted for by differences in the membrane surface area. Moreover, any ability of fibre undulations to increase the instantaneous clearance of urea had little impact on overall urea removal, as assessed by the pre-to post-dialysis reduction in concentration, eKt/V and total urea recovered in the dialysate (Tables 4 and 5 ). Total urea removal during a dialysis treatment depends not only on the dialyzer clearance, but also on the treatment time and the pre-dialysis urea concentration and in our studies pre-dialysis urea concentrations were lower for those treatments performed with the dialyzers having the higher urea clearances. In contrast to urea, significantly more phosphorus was recovered in the dialysate with dialyzers containing fibres with undulations, even though there was only a trend for fibre undulations to increase the instantaneous clearance of phosphorus (Tables 6 and 7) . However, the difference in total phosphorus removal may be a consequence of slightly higher serum phosphorus concentrations and longer treatment times in the second study, rather than the presence of fibre undulations. Overall, incorporation of fibre undulations appeared to make little difference to small solute removal with either membrane.
From these studies, we conclude that dialyzers containing membranes fabricated from nominally similar polymers may differ significantly in their ability to remove larger uraemic toxins, such as low molecular weight proteins.
